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Abstract:

Gene flow governs the contemporary spatial structure and dynamic of populations as well as their
long-term evolution. For species that disperse using atmospheric or oceanic flows, biophysical models
allow predicting the migratory component of gene flow, which facilitates the interpretation of broad-
scale spatial structure inferred from observed allele frequencies among populations. However,
frequent mismatches between dispersal estimates and observed genetic diversity prevent an
operational synthesis for eco-evolutionary projections. Here we use an extensive compilation of 58
population genetic studies of 47 phylogenetically divergent marine sedentary species over the
Mediterranean basin to assess how genetic differentiation is predicted by Isolation-By-Distance, single-
generation dispersal and multi-generation dispersal models. Unlike previous approaches, the latter
unveil explicit parents-to-offspring links (filial connectivity) and implicit links among siblings from a
common ancestor (coalescent connectivity). We find that almost 70 % of observed variance in genetic
differentiation is explained by coalescent connectivity over multiple generations, significantly
outperforming other models. Our results offer great promises to untangle the eco-evolutionary forces
that shape sedentary population structure and to anticipate climate-driven redistributions, altogether

improving spatial conservation planning.
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Introduction:

Gene flow counterbalances natural selection and genetic drift, reshuffles mutations among spatial

locations and contributes to shaping the contemporary spatial patterns of biodiversity ™. By

introducing foreign alleles to local populations, gene flow spreads adaptative changes and tends to

13, Simultaneously, gene flow homogenises allele

alleviate the effect of inbreeding depression
frequency among populations, which counteracts the effects of local adaptation, reducing the mean
fitness of populations (i.e. migration load) 2 Fundamentally, gene flow is ensured when dispersal is
followed by reproduction and subsequent offspring survival . A common confusion prevails between
demographic connectivity (i.e. the number of migrants exchanged among populations), which is
usually assessed by direct detection of individuals (field observations and parentage analyses of
genetic data), and genetic connectivity (i.e. the efficient transfer of genetic material between distant

1347710 |n this way,

populations), which is indirectly estimated thanks to population genetics analyses
demographic and genetic connectivity seem to interact on specific -yet poorly appreciated- temporal

and spatial scales >4, This may explain the humerous mismatches reported between demographic

connectivity and gene flow estimates 7.

This paradox could stem from the fact that dispersal is a complex and multi-aspect process
involving interlocked ecological and evolutionary mechanisms ®151¢, Dispersal results from movements
of individuals themselves or those induced by third-parties categorized as biotic, (e.g. thanks to other
moving organisms 1718), or abiotic, that is driven by winds and ocean currents %19, This study focuses
on species that, as adults, have no or little displacement abilities (hereafter called sedentary species)
so that their connectivity is mostly ensured by the abiotic dispersal of propagules, like numerous
marine and terrestrial taxa. This alleviates the difficulties in appraising the movements of wild
populations and biotic third parties. In marine sedentary populations, early-life non-motile stages (e.g.
seeds, eggs, larvae) are regularly released in the water column and are then passively transported

20,21

across the seascape by anisotropic currents over various spatial scales , ensuring the replenishment
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of both local and distant populations 2223, As such, the proper evaluation of current-driven dispersal
should help us disentangling the evolutionary forces (gene flow, selection, genetic drift or mutation)
shaping marine biodiversity and its climate-driven redistributions ?*. The inherent spatial scales of
genetic structures are generally a few orders of magnitude higher than potential dispersal distances
over a single generation %, even for species exhibiting rare long-distance dispersal 2>%’. Likewise, a
single generation dispersal event does not allow to evaluate the evolutionary timescale over which
gene flow shapes genetic diversity . Theory predicts instead that consecutive dispersal events of
numerous propagules, acting in synergy with other evolutionary forces, shape together the genetic
diversity observed at broad-scale %28, Consequently, modelling genetic diversity from the unique
perspective of water-borne dispersal should enlighten the typical scales and relative importance of

evolutionary forces that shape the spatial structure of marine sedentary populations.

Modelling water-borne dispersal is a multidisciplinary challenge sharing tight commonalities with
air-borne dispersal 2. First, it requires to jointly account for the spatio-temporal variability of currents,
the species-specific early-life traits, the habitat patchiness ®*, as well as to consider all possible

31, Second, it must simulate consecutive dispersal events by considering

connectivity pathways
multiple generations of migrants where each intermediary connected population acts as a stepping-
stone. Third, it must simulate all possibly existing populations, not just known or sampled ones. Bio-
physical models, which simulate explicitly the dispersal of propagules by oceanic chaotic flows, have
been widely used in the last few decades to derive physical connectivity metrics such as dispersal
kernels 20233233 Simulations of single-generation dispersal commonly provide quantitative estimates
of how distant populations are connected with each other. However they rarely match observed gene

8

flows °, possibly due to intrinsic flaws such as disregarding the multi-generational character of

34-36

successive dispersal events , while overlooking intermediate stepping-stone connections.

In the marine realm, current models considering multi-generational dispersal are seldom used,

concern only a few specific species or taxa, and still inadequately explain genetic differentiation
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measures. They rely on the computation of connectivity matrices, which are mathematical objects
describing dispersal of propagules exchanged between discrete populations, hereafter called localities.
Such matrices can be interpreted as adjacency matrices of directed and weighted networks (or graphs).
Thus, an approach consists in considering network theory tools such as shortest paths analysis to
estimate the strength of connections among two distinct localities over multiple dispersal events
343738 As shortest and most-probable paths of such networks differ 3 these methods neglect all other
possible pathways that may drastically change the resulting connectivity *°. Another approach uses
Markov chains and matrix multiplications to estimate the probability of connection between locality-
pairs over a given number of generations 3>*™*, Studies using this method did not consider all the
inherent dispersal pathways as they only assessed the connection probabilities occurring at a given
number of generations (equivalent to the exact number of multiplication) while neglecting all
intermediate connections associated to any number of generations lower or equal to the prescribed
number of dispersal events *. Moreover, and to our knowledge, all present modelling approaches
simulate stepping-stone dispersal of single lineages; in other words, they estimate the connectivity
resulting from explicit parents-to-offspring connections, i.e. filial connectivity. However, it is
conspicuous that two fully disconnected localities, which are both replenished by migrants originating

from the same source locality, should share common alleles and thus display similar allele frequencies.

The consideration in dispersal models of this conceptual view of coalescent connectivity 4,
that highlights implicit links among siblings through common ancestors has been overlooked to-date,
although it could largely alter gene flow predictions and contribute to the aforementioned
discrepancies between predicted dispersal and realized gene flow assessments 1. Note that here the
term “coalescent” refers to the dispersal model, not to the genetic model. Modelling such implicit
connections would permit going beyond the concept of pairwise interactions addressing higher-order
dynamics, a perspective that is lately attracting lots of interests, both in Network Theory * and

Theoretical Ecology %%,
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In this work, we present an exhaustive comparison between demographic and genetic basin-scale
connectivity based on classical and novel dispersal metrics across a meta-analysis of several marine
taxa. While our results mainly apply to marine sedentary populations whose dispersal is mediated by
ocean currents, our models and conclusions have the potential to transform how water- as well as air-
borne dispersal of sedentary terrestrial populations are evaluated. Here, we introduce state-of-the-
art multi-generation dispersal models that evaluate all connections among locality-pairs for a fixed
number of generations while simultaneously accounting for those accumulated by previous
generations 4. Our models provide not only a precise estimation of the explicit links (filial connectivity)
but also allow computing, for the first time, the implicit links existing between any locality-pair having
common source localities through multi-generational dispersal (coalescent connectivity). After
parameterizing our model with the main dispersal traits of various taxa encompassing seagrasses,
algae and metazoans, we test modelled gene flow predictions against an extensive compilation of
observed genetic structures (i.e. genetic differentiation estimates given by F,, between locality-pairs
“8) over the whole Mediterranean Sea. We find that coalescent connectivity through multi-generation
dispersal explains almost 70 % of the observed variance of genetic structures, substantially improving
gene flow predictions with respect to previous approaches. Furthermore, the optimal number of
generations to best predict gene flow significantly correlates with the sampling coverage scaled by the
species-specific dispersal abilities, enlightening the typical scales of eco-evolutionary processes. It
suggests that our model could be used to infer population genetic structures, a key pre-requisite for

management and protection.
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Results:

We test the predictions of our multi-generation explicit and implicit dispersal models %4,

simulating filial and coalescent connectivity respectively, against an extensive compilation of 58
genetic structures observed in the Mediterranean Sea. The dataset contains 3821 observed F,,
measures (F52S) between locality-pairs for 47 marine species (Fig. 1a) which are characterized by a
biphasic life-cycle, i.e. early-life free-swimming dispersing propagules and full to semi-sedentary adult
(Fig. 2a). We model the full range of variability of current-driven dispersal over the whole
Mediterranean basin for each species using a fine-tuned particle-tracking model 2>4-52, fed by the
horizontal multi-year velocity field from an operational data-assimilative ocean model *3. Each species
is characterized by three main dispersal traits: Pelagic Larval Duration (PLD, i.e. the time propagules
spend drifting with ocean currents, Fig. 2a), spawning seasons and adult habitats (Fig. 1b,c). These
biological factors were identified as the major ones governing how the variability of ocean currents

reflect on our probabilistic connectivity metrics 39,

Among the 58 compiled basin-scale population genetic studies (Fig. 1), we test for prediction of
F3bs /(1 — F3bs) 8% by our cumulative explicit and implicit dispersal models (Fig. 2b,c) considering both
single- and multi-generation estimates thanks to a maximume-likelihood population-effects (MLPE)
linear mixed model. We also test for conventional Isolation-By-Distance (IBD) models, using either
Euclidian or sea-least cost distances (i.e. the shortest overwater distances). The number of significant
R? is 16 for single-generation explicit, 30 for Euclidian IBD, 31 for sea least-cost IBD, 37 for multi-
generation explicit and implicit models respectively (Fig. 3). Among the significant MLPE linear mixed
model R?, the lowest mean R?is found for the single-generation explicit dispersal model (0.50, i.e. 95%
confidence intervals), followed by both sea-least cost (0.58) and Euclidian (0.59) IBD models. The
highest mean R? stem from both multi-generation models, with 0.68 for explicit dispersal and 0.69 for

implicit dispersal models.
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Next, we evaluate the quality (i.e. predictive ability) of each model relative to each of the other
models, and then to all models together, thanks to the AIC estimator. To do so, the same expected
value, F2’S /(1 — F2%), is considered among the five different models of gene flow when using MLPE
linear mixed models. The best model is the multi-generation implicit dispersal model in 25 cases, the
multi-generation explicit dispersal model in 18 cases, the Euclidian IBD model in 10 cases, the sea least-
cost IBD model in 7 cases, and the single-generation explicit dispersal model in only 3 cases. The
relative likelihood permits to evaluate that among the five candidate models, the multi-generation
implicit dispersal model is the one that minimises the information lost with a mean relative likelihood
of 0.75 at the meta-analysis scale. Moreover, the multi-generation implicit dispersal model is the only
one that displays positive relative likelihood difference in pairwise comparisons with the four other
models (Fig. 3). Hence, our multi-generation implicit dispersal model provides the best predictions of

obs
F37s.

When inspecting the study-specific accuracy of the best multi-generation implicit dispersal
model, R? values range from 0.11 for the colonial ascidian Botryllus schlosseri > to 1 for the ascidian

57 and the sea snail Phorcus

Halocynthia papillosa *°, the sea cucumber Holothuria mammata
turbinatus >® (Fig. 4a). For studies that include abundant genetic markers, it is possible to identify
markers with particularly high F3%S values (i.e. outliers; based on appropriate models), suggesting that
natural selection filtered alleles differentially among localities. For a sea urchin Paracentrotus lividus
%8, FoPs outlier loci returns a R? of 0.93***, which is higher than the R? of 0.80*** obtained considering
all the loci. Note that two studies focusing on the same species both using microsatellite markers, can
display contradictory results: Corallium rubrum is characterized by a highly significant and tight
correlation (R? = 0.54***, 59) as well as a non-significant loose correlation (R? = 0.27™,%° ; Fig. 4a),
exemplifying inter-study variability. For the flathead grey mullet Mugil cephalus !, which have been
sampled homogeneously across the Mediterranean basin (i.e. the mean straight-line geographical

distance between sampled localities, Duw, is 1279 km, Supplementary Table 1), the network

representation of modelled F,; (F/°¢) mimics well the one of F3S (Fig. 4b). FSP are low for locality-
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pairs located in the western basin but relatively high between western and eastern Mediterranean
localities, suggesting spatial genetic structuring that is well predicted by coalescent connectivity (see
the scatter plot of Fig. 4b, R = 0.73***), Similar results are obtained for instance for a seagrass species,
Cymodocea nodosa ®* (Fig. 4c). Although in this case spatial sampling is less balanced (sampled locality
mostly clustered along the Spanish coast but with two distant localities in the Eastern Mediterranean,
Detw = 1601 km), the genetic structure (high FSP%) between the Adriatic and Spanish localities is well

reproduced by F/od (R? = 0.77***).

We then test the robustness of the multi-generation implicit dispersal model with respect to the
species and studies attributes. None of these factors (taxa, PLD, spawning season, genetic marker, and
Dutw) has a significant effect on model fit results (R?, p-value, Supplementary Table 10). Yet, we find a
significant linear negative correlation between the logarithm of MLPE linear mixed models p-values
and the number of sampled localities (R? = 0.40***) as well as with the range of F2? (R? = 0.18***,
Supplementary Table 10). Furthermore, the probability to obtain a significant R?, i.e. successful gene
flow predictions, as a function of categories of number of sampled localities is well predicted by a logit
model using a binomial distribution (R?2=0.72***, Supplementary Figure 10). Finally, we find a positive
linear relationship between the PLDs categories and Dyw divided by the optimal number of modelled
generations (R? = 0.31***, Fig.5), considering the 37 studies whose model predictions of genetic
observations are significant. This surprisingly tight relationship has several interesting implications.
First, if the spatial structures of two species are evaluated through the same sampling design, our
dispersal model needs more generations for short PLD than for long PLD species to properly represent
genetic observations. Consequently, our model conforms to the intuitive view that a species needs
more successive events of dispersion across generations to disperse widely across the seascape.
Moreover, if two species have similar PLDs, our model requires a higher number of generations to
accurately simulate the genetic structure of the one whose sampling is wider and more
comprehensive. Last, when parameterized to fit the dispersal ability (i.e. PLD) of the target species, the

predictive ability of the implicit dispersal model scales with the Dy, The metric Duww/(0ptimal number
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of generation) could be interpreted as the average velocity of genetic connectivity in km.generations’
! Altogether and assuming that the species-specific dispersal traits have been accurately
parametrized, it suggests that the non-significant gene flow predictions (e.g. 21 studies among the

meta-analysis) could be attributed to too scarcely and spatially-restricted sampling rather than to the

models abilities themselves.
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Discussion:

For gene flow predictions at the meta-analysis scale, the cumulative multi-generation implicit
dispersal model *, which evaluates coalescent connectivity, significantly outperformed explicit
dispersal models, which assess filial connectivity, as well as IBD models. Nearly two thirds of the
predicted genetic differentiation estimates are significant, even though observations span a wide
phylogenetic range of sedentary taxa with contrasted dispersal traits. It is more than twice the
proportion displayed by the explicit single-generation dispersal model, which emerges as the worst
model in our meta-analysis. Overall, the best models are the multi-generation implicit and explicit
dispersal, suggesting unambiguously that modelling multiple generations is crucial to accurately
predict genetic connectivity 3. To our knowledge, the only other model that considers both coalescent
and filial connectivity uses circuit theory to approximate how barriers and corridors of habitat affect
genetic connectivity through a process called Isolation-By-Resistance ®3. While this empirical model
helped interpreting gene flow for self-dispersing organisms across a well-known and relatively stable
landscape %, it has not yet been applied to the marine realm probably because the seascape is highly
variable and in perpetual movement. Contrarily, our dispersal models are mechanistic and plainly
consider the dynamical properties of ocean currents that drive water-borne dispersal, so that it can be

readily applied to air-borne dispersal %.

We find that multi-generation dispersal models performed significantly better than IBD models.
Similar results are found when using explicit multi-generation models for the seagrass Zostera marina
in the North Sea %, and the mollusc Kelletia kelletii along the Californian shores *. Yet, Boulanger et
al. (2020) found a tighter and more significant correlation of observed genetic structure with sea least-
cost IBD model than with their explicit multi-generation dispersal model for the fish Mullus surmuletus
®4, By contrast, when using the same data of F3S, our multi-generation implicit dispersal model returns

a better correlation than IBD models.

11
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Our results also show that IBD models (Euclidian and sea-least cost distance) better explain
observed genetic differentiation than the single-generation dispersal model, in accord with previous
studies 3#3, Slightly more than half of the compiled studies displayed significant IBD predictions. The
mean Mantel R? computed from these studies (Supplementary Table 5 and 6) is comparable to
previous meta-analysis 5>, Still, for some previous studies which do not consider multi-generation,
single-generation dispersal models were reported to improve gene flow prediction as compared to IBD
models (e.g 677%%). The apparent contradiction with the present results may be due to a publication
bias: single-generation dispersal predictions that were worse than IBD’s ones could have been
withheld by authors. Single-generation dispersal models are worse than IBD models probably because
broad-scale single-generation dispersal modelling studies often reported that most distant localities
were not connected at all, suggesting genetic isolation. This was often explained by dispersal barriers
due to major oceanographic features such as fronts and jet-like currents °. Our results contradict this
view: multi-generation dispersal models suggest that these locality-pairs can be connected through
stepping-stone dispersal despite the supposed physical barriers #*. Notwithstanding, our models
showed that physical barriers still can limit the levels of connectivity (see Fig. 8 of Ser-Giacomi et al.,
2021) as reflected in observed genetic differentiation and as predicted by theoretical gene flow
magnitudes 3’. Consequently, the reduced gene flow measured across these barriers is probably due
to the large environmental gradients (affecting negatively propagules survival and settlement) they
symbolize rather than to intrinsic transport barriers (since propagules dispersal is effective through
them, #*). Since IBD is an analytical model with little biological meaning as it tentatively explains genetic
differentiation by only accounting for geographical distances, it does not allow disentangling the
relative importance of evolutionary processes that control gene flow. In line with the distinction
between IBD and Isolation-by-Environment 7%, and since our mechanistic multi-generation dispersal
models realistically simulate stepping-stone dispersal, one can tease apart the respective role of
evolutionary forces in driving gene flow. In fact, the non-significant predictions of observed genetic

differentiation suggests that strong evolutionary forces (such as natural selection) not considered in

12
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our approach are at play. Moreover, our analysis indicates that addressing implicit connections and

) %, can significantly

thus going beyond simple pairwise perspectives (i.e. such as explicit connections
improve the understanding of biogeographical and genetic patterns #’. Altogether, our results suggest
that the-supposed physical barriers often underlined in seascape analyses are more permeable to
dispersal than previously thought 7°, and that genetic isolation in the marine realm could be rather due
to environmental selection acting on drifting propagules and settled adults as well as intrinsic
reproductive isolation 72 Since both ocean currents 3, transport and mixing ’* and temperatures 7> are

already changing fast, the structure of marine populations is expected to fluctuate accordingly,

consistently with the recent evidence of spatial reorganization of marine biodiversity 4.

Our models perform better than previous ones probably also because they consider properly the
mesoscale variability of ocean currents, they are parametrized with species-specific dispersal traits,
and they allow testing explicitly what number of generations maximise correlations with observed
data. Since there is no consensus on the adequate number of generations required to comprehend
gene flow, previous multi-generational approaches used shortest path algorithms (minimum number

3437 or set arbitrarily the

of steps to connect sampled locality-pairs) with 25 or less intermediate steps
number of generations from dozens (as it was considered sufficient to span the studied domain, %) to
thousands (i.e. the number of Markov chain iterations needed to reach convergence) of generations
. It illustrates that the typical time-scales over which demographic connectivity interplays with
genetic connectivity are difficult to infer *3. The relationship between the main dispersal trait (PLD)
and the Duw (evaluating the spatial extent of the sampling) divided by the optimal number of
generations implies that the temporal scales estimated with our implicit model (from 1 to several tens
of generations, e.g. ecological time) and spatial scales derived from genetic methods (over typical
evolutionary scales, from a hundred to a few thousands of kilometres) are tightly linked. This is aligned
with estimates of dispersal kernels that were found congruent over ecological and evolutionary time

12 Indeed, the averaged genetic connectivity velocities, in km.generation?, match the demographic

connectivity scales for similar PLD (an order of 100 km for two coastal fishes 23). Moreover, island
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model theory assumes that the metapopulation has reached an equilibrium between gene flow and
genetic drift ’®, suggesting that the implicit model should predict best F5?¢ /(1 — F3%%) for long-term
multi-generation dispersal, that is when dispersal probabilities reach convergence * (i.e. after about
500 generations in our case; see Fig. 9 of Ser-Giacomi et al., 2021). The relatively low median optimal
number of generations disclosed here (~ 20, Supplementary Figure 7) further suggests that gene flow
and drift have insufficient time to reach equilibrium due to environmental stochasticity and rapidly
changing ecological forces 1°. Moreover, the substantial impacts of ecological processes on genetic
structures shown here could explain why chaotic genetic patchiness has been recently documented at

11,7781 \which are also the scales over which dispersal and environment co-

small space and time scales
vary. As such, dispersal could be characterized as one of the evolutionary forces shaping the
contemporary spatial patterns of biodiversity, along with natural selection, providing evolutionary

changes occurring over ecological timescales of few generations 7882,

Last but not least, our multi-generation mechanistic dispersal models, which allow assessing both
filial and coalescent connectivity and are applicable to other taxonomic groups and ecosystems, could
serve as future guidelines to optimize sampling design for population genetic studies and anticipate
the structure of wild sedentary populations. Moreover, while higher-order interactions can stabilize
competitive ecosystems %, they can also foster abrupt transitions *. Investigating such aspects in
marine ecosystems would provide crucial information about how they could react to future
perturbations and open the way to novel approaches to spatial ecology. In the context of biodiversity

24

loss 8 and spatial reorganization 2, it is indeed urgent to better understand the eco-evolutionary

85

dynamics that continuously shape population structures to improve protection strategies * and

management of natural resources such as forestry and fisheries .
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Methods:

Studies characteristics.

We screen the published literature over the last two decades to gather population genetic
studies focussing on marine species at basin-scale in the Mediterranean Sea. While our meta-analysis
intends to be the most comprehensive possible in terms of collected data and taxa covered, pre-
selected studies are filtered out based on two criteria: the biological traits of the species and the
sampling design. In this way, we exclude datasets that are not appropriate to address our research
guestion while optimizing statistical discriminatory power. More specifically, we select studies (i)
whose target poorly mobile species, i.e. that is characterized by a biphasic life cycle with early-life free-
swimming dispersing propagules (e.g. seeds, eggs, larvae or body fragments) and sessile to sedentary
adult behaviour (Fig. 1a), and (ii) which must present at least four distinct localities where at least 15
individuals were sampled (see the PRISMA flow diagram depicting our systematic review in
Supplementary Notes 1). As a result, this meta-analysis compiles 58 population genetic studies
published between 2002 and 2020, encompassing 47 different marine species distributed in nine
taxonomic groups: Algae, Anthozoa, Ascidiacea, Crustacea, Demospongiae, Echinodermata, Fish,
Mollusca and Phanerogam (Fig. 1a). In total, 559 localities were sampled across the basin (dark green
dots in Fig. 1b,c), representing 3821 locality-pairs. F,; fixation index allows evaluating the genetic
differentiation (i.e. observed genetic differentiation, F3?) between locality-pairs using five types of
genetic markers (allozymes, microsatellites, mitochondrial DNA sequences, nuclear DNA sequences
and SNPs from high throughput sequencing). Note that, when applicable, we analyse separately
different genetic markers extracted from the same study, i.e. mitochondrial DNA sequences and

nuclear DNA sequences for Ophioderma longicauda 8 and Hexaplex trunculus .

To gauge the sampling strategy of each selected study, we compute the mean straight-line
geographical distance (in km) between sampled localities. This geometrical metric, that we called Dptw,

guantitatively evaluates the spatial coverage of the sampling strategy carried out in each study.
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Species characteristics.

Based on literature review (Supplementary Table 2), all species are classified according to their
main dispersal traits. Reproductive phenology comprises five groups to reflect seasonal (spring,
summer, fall, winter) and annual spawning strategies. Pelagic Larval Durations (PLD) are categorized in
five groups: very-low (1 day), low (10 days), low-to-medium (20 days), medium-to-high (30 days) and
high (45 days) dispersal abilities. Finally, two broad-scale classes of habitats are distinguished
(Supplementary Methods 2): the shallow coastal habitat (inner continental shelf whose depths span
0-50 m; Fig. 1b) and the neritic shelf habitat (mid to outer continental shelf whose depths range is 50-

200 m; Fig. 1c).

Bio-physical modelling.

Tracking passive Lagrangian particles is a common approach to characterize flow-driven

20,23,29,49,5189 (Fjg 2a). To provide synthetic -yet realistic- views of basin-scale

dispersal of propagules
propagules dispersal while encompassing the full variability of ocean currents and for various dispersal
abilities, we use the Lagrangian Flow Network framework (LFN 233949-52) "It combines a particle-tracking

model with graph theory tools to generate and analyse connectivity matrices (Supplementary Methods

3), allowing us to investigate oceanic dispersal in a robust and efficient manner *°.

The Mediterranean Sea surface characterized by favourable habitats is subdivided into several
%° sub-areas that are considered in our analysis as theoretically isolated marine localities, resulting in
n = 1170 localities in the shallow coastal habitat (Fig. 1b) while the neritic shelf habitat is composed of
n = 1163 localities (Fig. 1c; see Supplementary Methods 2). For each LFN experiment, we track 100
propagules per localities (i.e. totalling ~ 120,000 propagules considering all the localities contained in
each habitat) by integrating daily gridded velocity fields generated by a data-assimilative operational
ocean model implemented in the Mediterranean Sea at a 1/16° horizontal resolution 3. We use the
horizontal flow field at 10 m and 100 m for species inhabiting shallow coastal and neritic shelf habitats,

respectively. Overall, virtual propagules trajectories are modelled at two specific depths during the five
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PLDs groups defined previously, simulating consecutive propagule release events with a 10-day
periodicity over 2000 to 2010. Assuming that the long-term (e.g. decadal, centennial and longer)
variability of ocean currents is negligible as compared to their inter- and intra-annual variations, our
approximation using 10 recent years allows comprehending the full variability of both contemporary
and past oceanic flows. By computing billions of Lagrangian trajectories and recording their initial and
final positions, the LFN constructs 402 connectivity matrices for each of the 10 habitat/PLD
combinations, resulting in 4020 matrices in total. The elements mj;of each raw n x n connectivity matrix
encode the number of propagules advected between all locality-pairs; they are converted into
backward-in-time dispersal probabilities thanks to a column-normalization:

mij

M =5
Xr . my;

(1)

Then connectivity matrices M are aggregated (i.e. element-by-element averaged) according to their
starting dates to match each species-specific spawning phenology. We average 402 matrices for year-
round release and about 100 matrices for seasonal release (i.e. 402 and about 100 Lagrangian
experiments respectively, Supplementary Table 4). In other words, we compute for each species a
composite matrix P (i.e. a 1170 x 1170 matrix for the shallow coastal habitat and a 1163 x 1163 matrix
for the neritic shelf habitat, encompassing both sampled and non-sampled localities) that fits best its
dispersal traits, averaging ten years of realistic current-driven dispersal in the Mediterranean Sea.
Single-generation dispersal estimates are directly extracted from one of these composite matrices. As
explained next, multi-generational dispersal estimates are finally obtained by applying additional

computations on these composite matrices.

Cumulating implicit and explicit links in multi-generation dispersal models.

Explicit links, %4, evaluate filial connectivity from parents to children, assuming unique lineage
(Fig. 2b). Itis the usual proxy of connectivity used in other multi-generation models to assess gene flow

4

between localities 343841743 Implicit links, %, evaluate coalescent connectivity among siblings with

common parents, considering multiple lineages (Fig. 2c). To estimate multi-generation dispersal

17



389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

probabilities between all locality-pairs, considering explicit or implicit links, we apply the theoretical
formulations described in Ser-Giacomi et al., 2021 on composite matrices. The main novelties of this
approach are i) the adequate consideration of putative intermediate connections or steps between
any of the non-sampled localities of both habitats (Fig. 1b,c) and ii) the fact that it allows cumulating
connectivity pathways over each consecutive generation, i.e. from one generation to a fixed number
of generations. For example, the connection between two localities over three generations of dispersal
also accounts for connections over two and one generations. Analytical formulations for both
cumulative explicit and implicit probabilities for any number of generations are established in Ser-

Giacomi et al., 2021 and are theoretically bounded to 1 for an infinite number of generations.

- The general expression of explicit dispersal probabilities over G = 2 generations based on the

composite matrix P is:
P¢=2 =P+ P(LoP)(2)

The circle denotes the Hadamard product, and L is the all-ones matrix minus the identity
matrix. When applying equation (2) for two localities A and B (example illustrated in Fig. 2b),
explicit link cumulates: (i) the sampled locality-pair explicit probability (P45) and (ii) the
products of probabilities between sampled localities and their second generation intermediate

locality (Pag, P, B, Fig. 2b), that is:
P{5? = Pap + Pax,Pe,s (3)

- The general expression of implicit dispersal probabilities over G = 2 generations based on the

composite matrix P is:
P=2=pTP+P[Lo(P"P)|TP (4)

As before, the circle denotes the Hadamard product, and L is the all-ones matrix minus the
identity matrix. When applying equation (4) for two localities A and B (example illustrated in

Fig. 2c) implicit link cumulates: (i) the product of probability between sampled localities and
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their common source (i.e. parent) localities (PAklPBkl); and (ii) the product of probability
between sampled localities and their common source localities through two generations

(Pai, P1,k,Pp1g Prgik, Fig. 2¢), that is:

Pfz? = Pk, Pk, + Pa1, Pi,k,Psi5Piyk, (5)

The Hadamard product vanished in equation (3) and equation (() because there is no self-loop (i.e. self-
recruitment) in none of our simplified exemplary localities. If self-recruitment exists, e.g. if k; = A in
Fig. 2c, siblings are found in both origin and destination localities implying that implicit links also
encompass explicit links. Since F,; are theoretically symmetrical (i.e. F;

equals F,..,), explicit

taB tpa

dispersal probabilities have been transformed following 1 — (1 — P4p) * (1 — Pg4) to be symmetrical.
Note that implicit dispersal probabilities between locality-pairs are already symmetrical by
construction . Both multi-generation explicit and implicit dispersal models are computed for 1, 5, 10,

20, 40, 60, 80, 100, 150, 200, 300, 400 and 500 generations using species-specific composite matrices.

Reciprocal transformation of dispersal probabilities into modelled F,

We perform a reciprocal transformation of dispersal probabilities to compare them against F3?s /(1 —
F2Ps) with linear models. As such, dispersal probabilities are linearized and transformed into modelled

Fy; ( F/1°?) following:

mod —
Fst -

1 + min(FS) (6)

max(F3PS) — min (F9Ps

a*PgB+

Where P& is the symmetrical dispersal probability of connection between localities A and B for a fixed
number of generations G (derived either from single generation explicit or multi-generation explicit or
implicit dispersal models); a is a coefficient modulating the reciprocal transformation. The sensitivity
of F'°4to a wide range of a value has been thoroughly tested in order to retain the optimal value for
each study (see Supplementary Figure 4 and 5). The maximal and minimal F3?S values averaged across

the meta-analysis are included so that (i) when the dispersal probability is null, the reciprocal
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transformation returns a F/°% equal to the mean maximal F3S (i.e. the average of all maximal F3bs
values of the 58 compiled studies, which is 0.1414) and (ii) when the probability of connection is 1, the
F/m°d tends toward the mean minimal F2%s (i.e. the average of all minimal F3S values of the 58
compiled species, which is 0.0127). Note that our goal here is not to scale each study’s reciprocal
transformation of pairwise probabilities into F/°? by its own extrema F3PS, but rather to optimize

robustness across the meta-analysis using the mean maximal and minimal FS?* over 58 population

genetics studies.

Screening for the best models predicting observed genetic differentiation

We test for the predictions of FS2 /(1 — FSP%) by F/°4 derived from multi-generation dispersal models
for 1 to 500 generations for all studies of the meta-analysis using maximum-likelihood population-
effects (MLPE) linear mixed models. In addition of enabling the cross-comparison of several models for
their predictive abilities, this statistical approach accounts for non-independence of pairwise
comparisons, a distinguished feature of F,, between localities #343%%8 We also search for correlations
between Fm°? and FSPs /(1 — F3Ps) using classical Mantel tests (see Supplementary Table 7, 8 and 9).
For each study, we parametrize our models by (i) selecting the optimal a value for which the model
AIC displays the lowest value (Supplementary Figure 4 and 5, Supplementary Table 7, 8 and 9) and (ii)
selecting the optimal number of generations for which the AIC displays the lowest value
(Supplementary Figure 6 and 7, Supplementary Table 7, 8 and 9). In addition, we perform Isolation-By-
Distance (IBD) analyses of all compiled genetic structures with two proxies of distance between locality
pairs: the Euclidian distance (i.e. straight-line geographical distances) and the sea least-cost distance,
which corresponds to the length of the shortest path considering only maritime areas. Sea least-cost
distances are calculated thanks to the Marmap package *° (version 1.0.4) on R (version 4.0.2). For the
IBD analyses, we consider a two-dimensional dispersal model and thus test for predictions of F32s /(1 —

F2Ps) by loge(distance) #&°4,
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To estimate the quality (predictive power) of each model relative to each of the other models, we also
test for predictions of FS2s /(1 — F3PS) by F/°? obtained with the dispersal models (one-generation
explicit, multi-generation explicit, and multi-generation implicit). We fit the five predictors to F3>S /(1 —
F9P) with MLPE linear mixed models, considering a random effect on the locality level, thanks to the
‘Imer’ function of the ImerTest package (version 3.1.3). The coefficient of determination R? is
computed with the function ‘r.squaredGLMM’ of the MuMIn package (version 1.43.17). All these tests
are computed using the R software (version 4.0.5). For each study, we compare MLPE model
predictions to determine the best model ability to predict gene flow. More specifically, we compute
for each study the relative likelihood exp((AICmin—AIC;)/2) to determine the probability of each model i
(IBDs, one-generation explicit, multi-generation explicit and multi-generation implicit) to minimize the
information loss of being the best one. We cross-compare model predictions across the entire meta-
analysis by computing (i) the relative likelihood for each model against the four others (i.e. AICnin being
the minimal value amongIBDs, one-generation explicit, multi-generation explicit, and multi-generation
implicit models) and (ii) the non-symmetrical pair-wise relative likelihood difference (i.e. AlCmin being
the minimal value among both models under comparison). For example, for models A and B whose
relative likelihood are 1 and 0.7 respectively, the relative likelihood difference between A and B is 0.3

and the relative likelihood difference between B and A is -0.3.

We test the sensitivity of MLPE model results (R? and p-values) against species-specific
(taxonomic group, PLD, spawning season) and studies-specific (marker, number of sampled localities,
Detw and FSPS range) factors with ANOVA and linear regressions (Supplementary Table 10). Sensitivity

tests are performed using the Matlab software (version 9.4).

Throughout the entire manuscript, asterisks inform about the significance of all statistical tests, as

follows: * <0.05; ** <0.005; *** < 0.0005 and “ns” stands for statistically non-significant.
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Data availability:

The population genetic data generated in this study is provided as a Supplementary Information
(Supplementary Data 1). Genetic population studies references are provided as a Supplementary
Information, as well as literature references used to categorize species characteristics (Supplementary
Methods 1). We also used FishBase (Froese and Pauly 2000, https://www.fishbase.se/search.php) and
Doris (Willis et al., 2016, https://doris.ffessm.fr/) websites for global information about the species of

interest. Source and raw data relevant for each figure are provided with this paper.

Code availability:

The Python codes used to compute multi-generation explicit and implicit dispersal probabilities have
been already published (Ser-Giacomietal. 2021 ; doi:10.1103/PhysRevE.103.042309) and are available

online here: https://github.com/serjaaa/cumulated-net-conn.
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Figure 1. Meta-analysis summary, estimated habitats and geographical locations of the sampled
populations. a Exemplary pictures of marine species belonging to the nine taxonomic groups
comprised in the compilation of 58 population genetics studies. b Basin-scale view of all sampled
populations compiled in the meta-analysis (dark green dots) and putative localities (light green
squares) that act as steppingstones in our multi-generation dispersal model for the shallow coastal
habitat. ¢, same as b but for the neritic shelf habitat. Source data are provided as a Source Data file.
Photos credit (from left to right, top to bottom): © Veronique Lamare 2015, © Alain-Pierre Sittler 2004,
© Alain-Pierre Sittler 2005, © Gilles Cavignaux 2007, © Jean-Georges Harmelin 1999, © Frédéric André
2007, © Christophe Dehondt 2006, © Jean-Claude Wolles 2007 and © Jean-Georges Harmelin 2005

(published on the DORIS web site, https://doris.ffessm.fr/).
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Figure 2: Modelling multi-generational water-borne dispersal. a Schematic representation of a
biphasic life cycle composed of sedentary adults and dispersive early-life stages, that is a distinctive
feature of all species included in the meta-analysis. During the dispersive phase, numerous individuals
are dispersed across the seascape by turbulent currents (represented in the Mediterranean miniature).
b Explicit dispersal model evaluates filial connections between locality-pairs. ¢ Implicit dispersal model
estimates coalescent connections between locality-pairs. Schematics highlight the simulated
genealogy over two generations and illustrate one of many multi-generational dispersal pathways that
are considered by our models when estimating the connectivity between distant localities A and B.
Icons credit: © vectors market, © Agne Alesiute, © Elisabetta Calabritto, © Luis Prado, © Joi Stack, ©
Tatina Vazest, © mindgraphy, © Oleksandr Panasovskyi, © ProSymbols, © Sean Maldjian (changes

were made on all the icons, Creative Commons BY 4.0 license).
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Figure 3: Cross-comparison of gene flow predictive models. Purple squares indicate mean MLPE linear
mixed model R?, red diamonds indicate the relative likelihood of the reference model (depicted on the
left) vs the four remaining models, and grey dots indicate the relative likelihood difference of the
reference model (depicted on the left) vs each of the four remaining models. Comparative analyses
are made for aIBD (Euclidian) model, b IBD (sea least-cost) model, csingle-generation explicit dispersal
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model. Only the significant predictions (p-value*) of each reference model (left) are considered to
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relative likelihood difference. The number of significant predictions per model (over the total of 58
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Figure 4: Accuracy of the multi-generation implicit dispersal model in explaining compiled genetic
structures. a MLPE linear mixed model R? between F/?*°¢ and FSP$ /(1 — FPS). Filled dots highlight
the 37 significant correlations (p-value*). Note that some results reported by a given study are
analysed separately: (i) Weber et al., 2015 used nuclear DNA marker (}) and mtDNA marker (2); (ii)
Carreras et al., 2020 considered all the loci together (3) and then only the Mediterranean outliers loci
(*); (iii) Marzouk et al., 2017 analysed nuclear DNA marker (°) and mtDNA marker (°). Error-bars for all
studies represent the 95 % confidence intervals. b Network representation of FIPS/(1 — F9S

(observed Fy;, left) and F°¢ (modelled Fy;, right) and their corresponding scatterplot for the flathead
grey mullet (Mugil cephalus ®%; red dot in a). ¢ same as b but for a seagrass (Cymodocea nodosa °%; red
dot in a). Source data are provided as a Source Data file. Icons credit: © vectors market, © Agne

Alesiute, © Elisabetta Calabritto, © Luis Prado, © Joi Stack, © Tatina Vazest, © mindgraphy, ©
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Figure 5: Sensitivity of the multi-generation implicit dispersal model predictions to dispersal trait and
sampling design. Correlation (R? = 0.31*** using a linear regression model fit) between the PLDs
categories (x-axis) and the proxy of sampling extent Dpww divided by the optimal number of modelled
generations (y-axis). n = number of studies whose model predictions of genetic observations are
significant per PLD categories. On each box, the central mark, the bottom and top edges indicate the
indicates the median, the 25" and the 75 percentiles, respectively. The whiskers extend to the most
extreme data points not considered outliers, and the outliers are plotted individually using a cross
symbol. Note that Susini et al. (2007) °* has been removed from this figure as it displays the minimal
number of localities of our compilation (i.e. three localities while two sampled populations are indeed
compassed in the same locality), which does not permit a robust evaluation of (Duw)/(Opt gen) ratio.

When considering this study, R2=0.23***_ Source data are provided as a Source Data file.
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Supplementary Methods 1: Selected references, model parameterization and literature review

Supplementary Table 1: Summarized description of the 58 population genetic studies included in the meta-analysis. Note that some results reported by a given study are
analysed separately: (i) Weber et al., 2015 used SNPs marker (*) and mtDNA marker (?); (ii) Carrera et al., 2020 considered all the loci together (?) and then only the
Mediterranean outliers loci (*); (i) Marzouk et al., 2017 analyzed SNPs marker (°) and mtDNA marker (°). Dbtw is the mean straight-line geographical distance (in km)
between sampled localities. Source data are provided as a Source Data file.

Species characteristics Study characteristics
Taxa Species Habitat PLD | Season Study Marker Nbr o.f Dbtw
populations

Algea Cystoseira amentacea shallow coastal 1|all Susini et al., 2007 RAPD 4| 223
Anthozoa Astroides calycularis shallow coastal 1| summer | Casado-Amezua et al., 2012 microsat 16| 617
Anthozoa Corallium rubrum neritic shelf 10 | summer | Aurelle et al., 2011 microsat 24| 729
Anthozoa Corallium rubrum neritic shelf 10 | summer | Costantini et al., 2013 microsat 5| 716
Anthozoa Eunicella cavolinii shallow coastal 1]all Masmoudi et al., 2016 microsat 18| 715
Anthozoa Leptopsammia pruvoti shallow coastal 10| spring | Boscarietal., 2019 SNP/RAD_GBS_transc 10| 793
Ascidiacea Botryllus schlosseri shallow coastal 1]all Reem et al., 2017 microsat 11|1020
Ascidiacea Halocynthia papillosa neritic shelf 20 | summer | Villamor et al., 2014 mtDNA 411018
Ascidiacea Microcosmus squamiger shallow coastal 1|summer | Orddinez etal., 2013 microsat 6| 970
Ascidiacea Pycnoclavella communis shallow coastal 1]all Pérez-Portela et al., 2007 microsat 4| 983
Crustacea Carcinus aestuarii shallow coastal 30| fall Schiavina et al., 2014 microsat 8| 965
Crustacea Melicertus kerathurus shallow coastal 20/ all Arculeo et al., 2010 microsat 9| 996
Crustacea Melicertus kerathurus shallow coastal 20/ all Zitari-Chatti et al., 2007 allozymes 9| 911
Crustacea Pachygrapsus marmoratus shallow coastal 30/ all Fratini et al., 2013 microsat 8| 896
Crustacea Palinurus elephas shallow coastal 45 | spring | Palero etal., 2011 microsat 5| 945
Demospongiae | Spongia officinalis shallow coastal 1|summer | Dailianis et al., 2011 microsat 911059
Echinodermata | Astropecten aranciacus shallow coastal | 45]all Zulliger et al., 2009 microsat 711076
Echinodermata | Holothuria mammata shallow coastal 20 | spring | Borrero-Pérez et al., 2011 microsat 41087
Echinodermata | Ophioderma longicauda shallow coastal 10| spring | Weber etal., 2015 mtDNA 131047




Species characteristics

Study characteristics

Taxa Species Habitat PLD | Season Study Marker Nbr o'f Dotw
populations

Echinodermata | Ophioderma longicauda shallow coastal 10| spring | Weber etal., 20152 nuclearDNAseq 111127
Echinodermata | Paracentrotus lividus shallow coastal 30| spring | Penantetal., 2013 mtDNA 121134
Echinodermata | Paracentrotus lividus shallow coastal 30| spring | Paterno etal., 2017 SNP/RAD_GBS_transc 10| 1094
Echinodermata | Paracentrotus lividus shallow coastal 30| spring | Carreras et al., 20203 SNP/RAD_GBS_transc 81183
Echinodermata | Paracentrotus lividus shallow coastal 30 |spring | Carreras et al., 2020* SNP/RAD_GBS_transc 811183
Fish Apogon imberbis shallow coastal 20 | summer | Muths et al., 2015 microsat 411178
Fish Coris julis shallow coastal 30| summer | Fruciano et al., 2011 mtDNA 10| 1144
Fish Diplodus sargus shallow coastal 20 |spring | Gonzalez-Wangliemert et al., 2010 | microsat 51141
Fish Diplodus vulgaris shallow coastal | 45| winter |Kaoueche etal.,, 2013 allozymes 6|1103
Fish Epinephelus marginatus shallow coastal 30| summer | Schunter et al., 2011 microsat 911149
Fish Lithognathus mormyrus shallow coastal 30/ all Hammami et al., 2007 allozymes 41144
Fish Merluccius merluccius neritic shelf 45 all Milano et al., 2014 SNP/RAD_GBS_transc 14| 1147
Fish Mugil cephalus shallow coastal | 45]all Durand et al., 2013 microsat 121279
Fish Mullus barbartus shallow coastal 30| spring | Maggio et al., 2009 microsat 14| 882
Fish Mullus surmuletus shallow coastal 30| spring | Galarza et al., 2009 microsat 6| 919
Fish Mullus surmuletus shallow coastal 30| spring | Dalongeville et al., 2018 SNP/RAD_GBS_transc 47| 1559
Fish Oblada melanura shallow coastal 20| spring | Gkafas et al., 2013 microsat 8| 1555
Fish Oblada melanura shallow coastal 20 |spring | Calo et al., 2016 microsat 91561
Fish Pagellus erythrinus shallow coastal 45 | spring | Fassatoui et al., 2009 allozymes 6|1561
Fish Serranus cabrilla shallow coastal 30| spring | Schunter etal., 2011 microsat 131592
Fish Solea solea shallow coastal 30| winter |Bahri-Sfaretal., 2011 allozymes 10| 1603
Fish Solea solea shallow coastal 30| winter | Garoia et al., 2007 microsat 411607
Fish Sparus aurata shallow coastal 45 | fall Franchini et al., 2012 microsat 12| 1569
Fish Symphodus tinca shallow coastal 10| spring | Carreras etal., 2017 SNP/RAD_GBS_transc 6|1569
Mollusca Cerastoderma edule shallow coastal 10| all Sromek et al., 2019 SNP/RAD_GBS_transc 711583
Mollusca Chiton olivaceus shallow coastal 10| spring | Villamor et al., 2014 mtDNA 411583




Species characteristics

Study characteristics

Taxa Species Habitat PLD | Season Study Marker Nbr o'f Dotw
populations

Mollusca Hexaplex trunculus shallow coastal 1]all Villamor et al., 2014 mtDNA 411583
Mollusca Hexaplex trunculus shallow coastal 1|all Marzouk et al., 2017° nuclearDNAseq 151627
Mollusca Hexaplex trunculus shallow coastal 1]all Marzouk et al., 2017° mtDNA 15| 1627
Mollusca Mytilus galloprovincialis shallow coastal 20| spring | Diz and Presa, 2008 microsat 8|1609
Mollusca Ostrea edulis shallow coastal 10| summer | Launey et al., 2002 microsat 5(1617
Mollusca Patella caerulea shallow coastal 20 | fall Villamor et al., 2014 mtDNA 6|1612
Mollusca Patella rustica shallow coastal 20| fall Sa-Pinto et al., 2012 allozymes 611623
Mollusca Patella ulyssiponensis shallow coastal 20 | summer | Sa-Pinto et al., 2012 allozymes 5|1624
Mollusca Phorcus turbinatus shallow coastal 10| all Villamor et al., 2014 mtDNA 411620
Mollusca Ruditapes decussatus shallow coastal 10| summer | Gharbi et al., 2011 allozymes 111589
Mollusca Spondylus spinosus shallow coastal 20 all Shabtay etal., 2014 mtDNA 511587
Phanerogam Cymodocea nodosa shallow coastal 30/ all Alberto et al., 2008 microsat 13| 1601
Phanerogam Posidonia oceanica shallow coastal 30 all Arnaud-Haond et al., 2007 microsat 29| 1588




Supplementary Table 2: Literature reference used to configure species characteristics (i.e. habitat, PLD,
spawning season). We also use FishBase (Froese and Pauly 2000, https://www.fishbase.se/search.php) and
Doris (Willis et al., 2016, https://doris.ffessm.fr/) webpages for global information about the species of interest.

Species

References

Apogon imberbis

(Macpherson and Raventos, 2006; Raventos, 2007)

Astroides calycularis

(Casado-Amezua et al., 2012; Goffredo et al., 2010)

Astropecten aranciacus

(Baeta et al., 2016; Zulliger et al., 2009)

Balanophyllia europaea

(Goffredo et al., 2004)

Botryllus schlosseri

(Reem et al., 2017)

Perforatus perforatus

(Villamor et al., 2014)

Carcinus aestuarii

(Carlton and Cohen, 2003; Schiavina et al., 2014)

Cerastoderma edule

(Boyden and Russell, 1972)

Chiton olivaceus

(Villamor et al., 2014; Wanninger and Haszprunar, 2002)

Chondrosia reniformis

(Lazoski et al., 2001; Villamor et al., 2014)

Cladocora caespitosa

(Casado-Amezua et al., 2012; Kersting et al., 2013; Kruzic¢ et al., 2008)

Corallium rubrum

(Coelho and Lasker, 2016; Costantini et al., 2013; Teixid6 et al., 2011)

Coris julis

(Fruciano et al., 2011; Macpherson and Raventos, 2006)

Crassostrea gigas

(Ernande et al., 2003)

Cymodocea nodosa

(Alberto et al., 2008; Orth et al., 2006)

Cystoseira amentacea

(Susini et al., 2007; Thibaut et al., 2016)

Diplodus puntazzo

(Di Franco and Guidetti, 2011)

Diplodus sargus

(Di Franco et al., 2013)

Diplodus vulgaris

(Di Franco et al., 2013; Macpherson and Raventos, 2006)

Eunicella cavolinii

(Canovas-Molina et al., 2018; Masmoudi et al., 2016)

Fistularia commersonii

(Bernardi etal., 2016)

Epinephelus marginatus

(Macpherson and Raventos, 2006)

Halocynthia papillosa

(Villamor etal., 2014)

Hexaplex trunculus

(Vasconcelos et al., 2004)

Holothuria mammata

(Borrero-Pérez et al., 2011; Santos et al., n.d.)

Leptopsammia pruvoti

(Boscari et al., 2019; Goffredo et al., 2006)

Lithognathus mormyrus

Fishbase & Doris

Melicertus kerathurus

(Arculeo et al., 2010; Roberts et al., 2012; Zitari-Chatti et al., 2007)

Merluccius merluccius

(Hidalgo et al., 2019; Morales-Nin and Moranta, 2004)

Microcosmus squamiger

(Rius et al., 2010, 2009)

Mugil cephalus

(Kuo et al., 1973)

Mullus barbartus

(Félix-Hackradt et al., 2013; Maggio et al., 2009)

Mullus surmuletus

(Félix-Hackradt et al., 2013; Macpherson and Raventos, 2006)

Mytilus galloprovincialis

(Caceres-Martinez et al., 1993)

Oblada melanura

(Macpherson and Raventos, 2006)

Phorcus turbinatus

(Villamor et al., 2014)

Ophioderma longicauda

(Weber et al., 2014, 2015)

Ostrea edulis

(Bierne et al., 1998)

Pachygrapsus marmoratus

(Cuesta and Rodriguez, 2000)

Pagellus erythrinus

(Macpherson and Raventos, 2006)

Palinurus elephas

(Hunter, 1999)

Paracentrotus lividus

(Pedrotti, 1993)




Species

References

Patella caerulea

(Villamor et al., 2014)

Patella rustica

(Sa-Pinto et al., 2012)

Patella ulyssiponensis

(Sa-Pinto et al., 2012)

Posidonia oceanica

(Melia et al., 2016; Serra et al., 2010)

Pycnoclavella communis

(Pérez-Portela et al., 2007)

Ruditapes decussatus

(Gharbi et al., 2011)

Scopalina lophyropoda

(Garoia et al., 2004)

Serranus cabrilla

(Macpherson and Raventos, 2006)

Solea solea

(Bahri-Sfar et al., 2011; Vaz et al., 2019)

Sparus aurata

(Franchini et al., 2012)

Spondylus spinosus

(Soria etal., 2010)

Spongia officinalis

(Baldacconi et al., 2007; Gaino et al., 2007)

Symphodus tinca

(Macpherson and Raventos, 2006; Pallaoro and Jardas, 2003)




Supplementary Notes 1: PRISMA 2020 flow diagram for updated systematic reviews
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Supplementary Methods 2: Shallow coastal and neritic shelf habitat
description

Species-specific habitat

Based on the compiled literature of Supplementary Table 2, we attribute to each species pertaining to
our meta-analysis (Supplementary Table 1) one habitat chosen between two broad types: shallow
coastal habitat or neritic shelf habitat. If a species could fall into both habitat types, we select only one
by (i) for fishes, retaining the habitat that contains the depth where the post-settlers/juveniles inhabit;
(ii) for other organisms, retaining the habitat that comprises the most frequent sampling depths.

Network habitat filter

i.  Bathymetricfilter
Gridded bathymetry data provided by ETOPO1 1 Arc-Minute Global Relief Model
(doi:10.7289/V5C8276M ) are co-located with on our network grid to select all the topographic values
encompassed in each node. Nodes whose shallowest depth is between 0 m and 50 m are kept in the
shallow coastal bathymetric filter and those whose shallowest depth is between 50 m and 200 m are
filtered in our neritic shelf bathymetric filter; the remaining deeper nodes are excluded.

ii.  Substrate filter
We use EMODnet Seabed Habitats data® to define our substrate filter combining both the EUNIS
classification and the MSFD Benthic Broad Habitat typology. We distinguish infralittoral and
circalittoral substrate categories, while considering all substrates together including rocks, fine muds,
coarse sediments, etc. (Supplementary Table 3). By co-locating substrate data on our network grid,
nodes which encompass infralittoral substrate are filtered in our shallow coastal substrate filter and
nodes which encompass circalittoral substrate are filtered in our neritic shelf substrate filter.

Supplementary Table 3: Substrate typology used to define the two composite substrates, called shallow
coastal and neritic shelf substrates, following EUNIS and MFSD classifications referenced in EMODnet Seabed
Habitats data.

Classifications | Shallow coastal substrate Neritic shelf substrate

EUNIS -'A3: Infralittoral rock and other hard -'A4.26 or A4.32: Mediterranean
substrata’ coralligenous communities
-'A4.26 or A4.32: Mediterranean moderately exposed to hydrodynamic
coralligenous communities moderately | action or Mediterranean coralligenous
exposed to hydrodynamic action or communities sheltered from
Mediterranean coralligenous hydrodynamic action'
communities sheltered from -'A4.27: Faunal communities on deep
hydrodynamic action' moderate energy circalittoral rock'

Y Information contained here has been derived from data that is made available under the European Marine
Observation Data Network (EMODnet) Seabed Habitats initiative (http://www.emodnet-seabedhabitats.eu/),
financed by the European Union under Regulation (EU) No 508/2014 of the European Parliament and of the
Council of 15 May 2014 on the European Maritime and Fisheries Fund.
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Classifications

Shallow coastal substrate

Neritic shelf substrate

-'A5.13: Infralittoral coarse sediment'
-'A5.23 or A5.33 or A5.34: Infralittoral
fine sands or Infralittoral sandy mud or
Infralittoral fine mud'

-'A5.23: Infralittoral fine sands'
-'A5.33: Infralittoral sandy mud'
-'A5.34: Infralittoral fine mud'
-'A5.5353: Facies of dead "mattes" of
[Posidonia oceanica]'

-'A5.535: [Posidonia] beds'

-'A4: Circalittoral rock and other hard
substrata

-'A5.14: Circalittoral coarse sediment'
-'A5.25: Circalittoral fine sand’
-'A5.26: Circalittoral muddy sand'
-'A5.35: Circalittoral sandy mud'
-'A5.36: Circalittoral fine mud'

MFSD

-'Infralittoral coarse sediment’
-'Infralittoral mixed sediment'
-'Infralittoral mud'

-'Infralittoral rock and biogenic reef"
-'Infralittoral sand'

-'Circalittoral coarse sediment'
-'Circalittoral mixed sediment’
-'Circalittoral mud'
-'Circalittoral mud or Offshore
circalittoral mud'

-'Circalittoral rock and biogenic reef'
-'Circalittoral sand'

-'Offshore circalittoral coarse
sediment’

-'Offshore circalittoral mixed
sediment’

-'Offshore circalittoral mud'
-'Offshore circalittoral rock and
biogenic reef'

-'Offshore circalittoral sand'

iii.  Habitat filter
The final habitat filter consists in the superposition of both bathymetric and substrate filters: coloured
nodes characterize the shallow coastal habitat (Supplementary Figure 1 and Figure 1b main
manuscript) and the neritic shelf habitat (Supplementary Figure 2, Figure 1c main manuscript). All

nodes selected in the bathymetric filter are coloured in transparent light grey, those belonging to the
substrate filter are displayed in red, while pink nodes represent the superposition of both filters.
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Supplementary Figure 1: Shallow coastal habitat represented by a bathymetric filter (light grey nodes) and a
substrate filter (red nodes). Pink nodes characterize the superposition of both bathymetric and substrate filters.
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Supplementary Figure 2: Neritic shelf habitat represented by a bathymetric filter (light grey nodes) and a
substrate filter (red nodes). Pink nodes characterize the superposition of both bathymetric and substrate filters.
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Supplementary Methods 3: Bio-physical modelling

Hydrodynamical model

We use the hydrodynamic model Mediterranean Forecasting System (MFS) based on NEMO-OPA
(Nucleus for European Modelling of the Ocean-PArellelis, version 3.2; Madec, 2008). This data-
assimilative operational model has been implemented in the Mediterranean at 1/16° degree horizontal
regular resolution and 72 unevenly spaced verticals levels (Oddo et al., 2009). We use the physics
reanalysis products for years spanning 2000-2010 downloaded from Marine Copernicus website
(https://marine.copernicus.eu/).

Lagrangian modelling

Following the procedure described in Ser-Giacomi et al., (2015), we discretise the Mediterranean basin
on a network of 8196 nodes of 1/4° degree horizontal resolution. About 100 numerical particles are
evenly initialised in each node. Horizontal trajectories are simulated by integrating the velocity field,
bilinearly interpolated using a Runge-Kutta 4 algorithm with a time step of 0.3 h, fulfilling the Courant-
Friedrichs-Lewy condition (CFL, Courant et al., (1928)) over the period of interest (Supplementary
Figure 3). We use the MFS horizontal velocity fields of the 3™ and 17" vertical levels, which correspond
to about 12 m for the shallow coastal habitat and 102 m for the neritic shelf habitat, respectively.
Numerical propagules are tracked over five different drifting times (simulating different Pelagic Larval
Durations): 1, 10, 20, 30 and 45 days considering successive starting times with a 10-day periodicity
over years 2000 to 2010. Altogether, it represents 402 Lagrangian experiments per PLD and per vertical
layer, that is 4020 numerical experiments in total (Supplementary Table 4).

CFL per day -10 m

22
CFL,,, =0.86858h
2,
18 |
16
g .
5 |
L
(5]
1.4 ‘ ‘ '
1_
0.8 1 1 1 | 1 1 ]
QQ Q\ Q'], Q‘b be Qb Q@ 6\ Q% Q‘% N A \‘b D
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Supplementary Figure 3: CFL condition indexed for each MFS daily velocity field at 12 m deep between 2000
and 2010. The maximum time-step value to fulfil CFL condition is 0.87 h, we use a time-step of 0.3 h in our
Lagrangian experiments.
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Supplementary Table 4: Summary of the numerical experiments performed using a 10-day periodicity over
2000-2010. In total, 402 Lagrangian experiments were performed for each PLD/habitat combination (i.e. five
PLDs and two habitats, meaning 4020 Lagrangian experiments in total). All the 402 Lagrangian experiments
were used to summarize dispersal for all year spawning species. For species characterised by seasonal
spawning, we considered only Lagrangian experiments conducted during the spawning season (~ 100
experiments for each study).

Season Winter Spring Summer Fall All year
Start date 01/01 01/04 01/07 01/10 01/01
End date 31/03 30/06 30/09 31/12 31/12
Nbr of
Lagrangian 100 99 100 103 402
experiment
Total mean
nbr of 12,000,000 | 12,000,000 | 12,000,000 | 12,000,000 | 48,000,000
particles
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Supplementary Methods 4: Parametrization of our multi-generation
dispersal models
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Supplementary Figure 4: Sensitivity of the reciprocal transformation applied on dispersal probabilities to
obtain FT°? with respect to the value of alpha.
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Supplementary Figure 5: Boxplot of the optimal generations obtained when varying alpha (reciprocal

transformation of dispersal probabilities into F'°* when comparing the multi-generation implicit dispersal
model predictions (R? p-value and AIC) against FSPS /(1 — F3PS) across the whole meta-analysis. n = number

of studies whose model predictions of genetic observations are significant. On each box, the central mark, the
bottom and top edges indicate the indicates the median, the 25th and the 75th percentiles, respectively. The
whiskers extend to the most extreme data points not considered outliers, and the outliers are plotted
individually using a cross symbol. Source data are provided as a Source Data file.
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Supplementary Figure 6: Multi-generation implicit dispersal model AIC values as a function of the number of
generations for three specific studies: Aurelle et al., 2011 (Corallium rubrum in red), Dalongeville et al., 2018
(Mullus surmuletus in blue) and Arnaud-Haond et al., 2007 (Posidonia oceanica in green). Source data are
provided as a Source Data file. Icons credit: © vectors market, © Agne Alesiute, © Luis Prado (changes were
made on all the icons, Creative Commons BY 4.0 license).
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Supplementary Figure 7: Statistical distribution (boxplot) of the optimal generations for significant predictions
of F3PS /(1 — F3%%) across the meta-analysis, as obtained using the multi-generation explicit and implicit
dispersal models. n = number of studies whose model predictions of genetic observations are significant. On
each box, the central mark, the bottom and top edges indicate the indicates the median, the 25th and the 75th
percentiles, respectively. The whiskers extend to the most extreme data points not considered outliers, and the
outliers are plotted individually using a cross symbol. Source data are provided as a Source Data file.
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Supplementary Methods 5: Screening for the best models predicting observed genetic differentiation

Supplementary Table 5: Accuracy of the Isolation-by-Euclidian Distance model in explaining observed genetic structure across the meta-analysis. Mantel r and MLPE
linear mixed model R? between Euclidian distance and FSPS /(1 — FSPS) and theirs associated p-value are indexed for all the studies. Note that (i) Weber et al., 2015 use
SNPs marker (*) and mtDNA marker (%), (ii) Carrera et al., 2019 considers all the loci (3) and only the Mediterranean outliers loci (%), and (iii) Marzouk et al., 2017 use SNPs

marker (°) and mtDNA marker (°). Significant studies (p-values*) are highlighted in grey. Source data are provided as a Source Data file.

Species Study Mantel r Mantel p-value | MLPE R? MLPE p-value

Cystoseira amentacea Susini et al., 2007 0,78 0,0417 0,85 0,0148
Astroides calycularis Casado-Amezua et al., 2012 0,72 0,001 0,84 0
Corallium rubrum Aurelle et al,, 2011 0,42 0,001 0,43 0
Corallium rubrum Costantini et al., 2013 0,54 0,1 0,31 0,0653
Eunicella cavolinii Masmoudi et al., 2016 0,76 0,001 0,58 0
Leptopsammia pruvoti Boscari et al., 2019 0,22 0,125 0,09 0,1201
Botryllus schlosseri Reem et al., 2017 0,36 0,099 0,17 0,0056
Halocynthia papillosa Villamor et al., 2014 0,87 0,125 1 0
Microcosmus squamiger Ordofiez et al., 2013 -0,32 0,8972 0,11 0,1982
Pycnoclavella communis Pérez-Portela et al., 2007 -0,37 0,7917 0,16 0,3488
Carcinus aestuarii Schiavina et al., 2014 0,46 0,008 0,93 0,5072
Melicertus kerathurus Arculeo et al., 2010 -0,04 0,523 0 0,8016
Melicertus kerathurus Zitari-Chatti et al., 2007 0,11 0,219 0,05 0,4783
Pachygrapsus marmoratus | Fratini et al., 2013 0,44 0,002 0,2 0,0132
Palinurus elephas Palero et al., 2011 0,24 0,3167 0,06 0,4472
Spongia officinalis Dailianis et al., 2011 0,72 0,005 0,68 0
Astropecten aranciacus Zulliger et al., 2009 0,44 0,014 0,2 0,0327
Holothuria mammata Borrero-Pérez et al., 2011 0,96 0,125 0,97 0,0001
Ophioderma longicauda Weber et al., 2015* -0,16 0,777 0,56 0,8773
Ophioderma longicauda Weber et al., 20152 -0,22 0,871 0,12 0,1357




Species Study Mantel r Mantel p-value | MLPE R? MLPE p-value

Paracentrotus lividus Penant et al., 2013 -0,33 0,933 0,56 0,0001
Paracentrotus lividus Paterno et al., 2017 0,66 0,03 0,85 0,0397
Paracentrotus lividus Carreras et al., 2020° 0,52 0,001 0,81 0
Paracentrotus lividus Carreras et al., 2020* 0,56 0,006 0,81 0
Apogon imberbis Muths et al., 2015 -0,17 0,625 0,61 0,9141
Coris julis Fruciano et al., 2011 0,61 0,044 0,98 0,7393
Diplodus sargus Gonzdlez-Wangliemert et al., 2010 0,26 0,175 0,08 0,3955
Diplodus vulgaris Kaouéche et al., 2013 0,22 0,2014 0,05 0,391
Epinephelus marginatus Schunter et al., 2011 0,22 0,173 0,48 0,0331
Lithognathus mormyrus Hammami et al., 2007 0,68 0,1667 0,51 0,0515
Merluccius merluccius Milano et al., 2014 0,55 0,001 0,37 0
Mugil cephalus Durand et al., 2013 0,29 0,05 0,14 0,0144
Mullus barbartus Maggio et al., 2009 0,12 0,215 0,24 0,0714
Mullus surmuletus Galarza et al., 2009 -0,04 0,4514 0,15 0,9186
Mullus surmuletus Dalongeville et al., 2018 0,21 0,001 0,61 0,0199
Oblada melanura Gkafas et al., 2013 0,04 0,382 0 0,8142
Oblada melanura Calo et al., 2016 0,2 0,118 0,23 0,1709
Pagellus erythrinus Fassatoui et al., 2009 0,35 0,1792 0,13 0,1659
Serranus cabrilla Schunter et al.,, 2011 0,33 0,07 0,75 0
Solea solea Bahri-Sfar et al., 2011 0,57 0,009 0,65 0
Solea solea Garoia et al., 2007 0,99 0,0417 0,98 0
Sparus aurata Franchini et al., 2012 0,15 0,195 0,23 0,111
Symphodus tinca Carreras et al., 2017 0,37 0,175 0,36 0,4087
Cerastoderma edule Sromek et al., 2019 0,71 0,003 0,89 0
Chiton olivaceus Villamor et al., 2014 0,78 0,2083 0,65 0,0175
Hexaplex trunculus Villamor et al., 2014 0,82 0,125 0,71 0,0396
Hexaplex trunculus Marzouk et al., 2017° 0,17 0,154 0,48 0,5448
Hexaplex trunculus Marzouk et al., 2017° 0,2 0,111 0,52 0,6864
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Species Study Mantel r Mantel p-value | MLPE R? MLPE p-value

Mytilus galloprovincialis Diz and Presa, 2008 0,5 0,009 0,3 0,0064
Ostrea edulis Launey et al., 2002 0,4 0,2167 0,83 0,0097
Patella caerulea Villamor et al., 2014 0,37 0,1 0,39 0,0992
Patella rustica Sa-Pinto et al., 2012 0,05 0,3736 0,18 0,7239
Patella ulyssiponensis Sa-Pinto et al., 2012 0,39 0,0667 0,16 0,201
Phorcus turbinatus Villamor et al., 2014 0,84 0,2917 1 0,0001
Ruditapes decussatus Gharbi et al., 2011 0,42 0,006 0,18 0,0048
Spondylus spinosus Shabtay et al., 2014 -0,05 0,5167 0,5 0,7273
Cymodocea nodosa Alberto et al., 2008 0,37 0,014 0,36 0,0002
Posidonia oceanica Arnaud-Haond et al., 2007 0,36 0,001 0,25 0
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Supplementary Table 6: Accuracy of the Isolation-by-sea least cost Distance model in explaining observed genetic structure across the meta-analysis. Mantel r and MLPE
linear mixed model R? between sea least-cost distance and FSPS /(1 — FSP%) and theirs associated p-value are indexed for all the studies. Note that (i) Weber et al., 2015 use

SNPs marker (*) and mtDNA marker (?), (ii) Carrera et al., 2019 considers all the loci (3) and only the Mediterranean outliers loci (%), and (iii) Marzouk et al., 2017 use SNPs

marker (°) and mtDNA marker (). Significant studies (p-values*) are highlighted in grey. Source data are provided as a Source Data file.

Species Study Mantel r Mantel p-value | MLPE R? MLPE p-value

Cystoseira amentacea Susini et al., 2007 0,78 0,0417 0,85 0,0148
Astroides calycularis Casado-Amezua et al.,, 2012 0,72 0,001 0,84 0
Corallium rubrum Aurelle et al., 2011 0,42 0,001 0,43 0
Corallium rubrum Costantini et al., 2013 0,54 0,1 0,31 0,0653
Eunicella cavolinii Masmoudi et al., 2016 0,76 0,001 0,58 0
Leptopsammia pruvoti Boscari et al., 2019 0,22 0,125 0,09 0,1201
Botryllus schlosseri Reem et al., 2017 0,36 0,099 0,17 0,0056
Halocynthia papillosa Villamor et al., 2014 0,87 0,125 1 0
Microcosmus squamiger Ordofiez et al., 2013 -0,32 0,8972 0,11 0,1982
Pycnoclavella communis Pérez-Portela et al., 2007 -0,37 0,7917 0,16 0,3488
Carcinus aestuarii Schiavina etal., 2014 0,46 0,008 0,93 0,5072
Melicertus kerathurus Arculeo et al., 2010 -0,04 0,523 0 0,8016
Melicertus kerathurus Zitari-Chatti et al., 2007 0,11 0,219 0,05 0,4783
Pachygrapsus marmoratus | Fratini et al., 2013 0,44 0,002 0,2 0,0132
Palinurus elephas Palero et al., 2011 0,24 0,3167 0,06 0,4472
Spongia officinalis Dailianis et al., 2011 0,72 0,005 0,68 0
Astropecten aranciacus Zulliger et al., 2009 0,44 0,014 0,2 0,0327
Holothuria mammata Borrero-Pérez et al., 2011 0,96 0,125 0,97 0,0001
Ophioderma longicauda Weber etal., 2015 -0,16 0,777 0,56 0,8773
Ophioderma longicauda Weber et al., 20152 -0,22 0,871 0,12 0,1357
Paracentrotus lividus Penant et al., 2013 -0,33 0,933 0,56 0,0001
Paracentrotus lividus Paterno et al., 2017 0,66 0,03 0,85 0,0397
Paracentrotus lividus Carreras et al., 20203 0,52 0,001 0,81 0
Paracentrotus lividus Carreras et al., 2020* 0,56 0,006 0,81 0
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Species Study Mantel r Mantel p-value | MLPE R? MLPE p-value

Apogon imberbis Muths et al., 2015 -0,17 0,625 0,61 0,9141
Coris julis Fruciano et al., 2011 0,61 0,044 0,98 0,7393
Diplodus sargus Gonzalez-Wangliemert et al., 2010 0,26 0,175 0,08 0,3955
Diplodus vulgaris Kaouéche et al., 2013 0,22 0,2014 0,05 0,391
Epinephelus marginatus Schunter et al., 2011 0,22 0,173 0,48 0,0331
Lithognathus mormyrus Hammami et al., 2007 0,68 0,1667 0,51 0,0515
Merluccius merluccius Milano et al., 2014 0,55 0,001 0,37 0
Mugil cephalus Durand et al., 2013 0,29 0,05 0,14 0,0144
Mullus barbartus Maggio et al., 2009 0,12 0,215 0,24 0,0714
Mullus surmuletus Galarza et al., 2009 -0,04 0,4514 0,15 0,9186
Mullus surmuletus Dalongeville et al., 2018 0,21 0,001 0,61 0,0199
Oblada melanura Gkafas et al., 2013 0,04 0,382 0 0,8142
Oblada melanura Calo et al., 2016 0,2 0,118 0,23 0,1709
Pagellus erythrinus Fassatoui et al., 2009 0,35 0,1792 0,13 0,1659
Serranus cabrilla Schunter et al., 2011 0,33 0,07 0,75 0
Solea solea Bahri-Sfar et al., 2011 0,57 0,009 0,65 0
Solea solea Garoia et al., 2007 0,99 0,0417 0,98 0
Sparus aurata Franchini et al., 2012 0,15 0,195 0,23 0,111
Symphodus tinca Carreras et al., 2017 0,37 0,175 0,36 0,4087
Cerastoderma edule Sromek et al., 2019 0,71 0,003 0,89 0
Chiton olivaceus Villamor et al., 2014 0,78 0,2083 0,65 0,0175
Hexaplex trunculus Villamor et al., 2014 0,82 0,125 0,71 0,0396
Hexaplex trunculus Marzouk et al., 2017° 0,17 0,154 0,48 0,5448
Hexaplex trunculus Marzouk et al., 2017° 0,2 0,111 0,52 0,6864
Mytilus galloprovincialis Diz and Presa, 2008 0,5 0,009 0,3 0,0064
Ostrea edulis Launey et al., 2002 0,4 0,2167 0,83 0,0097
Patella caerulea Villamor et al., 2014 0,37 0,1 0,39 0,0992
Patella rustica Sa-Pinto et al., 2012 0,05 0,3736 0,18 0,7239
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Species Study Mantel r Mantel p-value | MLPE R? MLPE p-value

Patella ulyssiponensis Sa-Pinto et al., 2012 0,39 0,0667 0,16 0,201
Phorcus turbinatus Villamor et al., 2014 0,84 0,2917 1 0,0001
Ruditapes decussatus Gharbi et al., 2011 0,42 0,006 0,18 0,0048
Spondylus spinosus Shabtay et al., 2014 -0,05 0,5167 0,5 0,7273
Cymodocea nodosa Alberto et al., 2008 0,37 0,014 0,36 0,0002
Posidonia oceanica Arnaud-Haond et al., 2007 0,36 0,001 0,25 0

20



Supplementary Table 7: Accuracy of our single-generation explicit dispersal model in explaining observed genetic structure across the meta-analysis. Mantel r and MLPE
linear mixed model R? between F°% and F3PS /(1 — FSPS) and theirs associated p-value are indexed for all the studies. The “opt alpha” stands for the optimal alpha value
of the reciprocal transformation that minimizes the AIC estimator (see Supplementary Figure 5). Note that (i) Weber et al., 2015 use SNPs marker (1) and mtDNA marker (),
(i) Carrera et al., 2019 considers all the loci (3) and only the Mediterranean outliers loci (*), and (iii) Marzouk et al., 2017 use SNPs marker (°) and mtDNA marker (°).
Significant studies (p-values*) are highlighted in grey. Source data are provided as a Source Data file.

Mantel opt MLPE opt

Species Study Mantel r Mantel p-value |alpha MLPE R? MLPE p-value |alpha
Cystoseira amentacea Susini et al., 2007 0,74 0,1667 10 0,59 0,0304 10
Astroides calycularis Casado-Amezua et al., 2012 0,44 0,001 10000 0,66 0 1000
Corallium rubrum Aurelle et al., 2011 0,3 0,001 1000 0,4 0 100000
Corallium rubrum Costantini et al., 2013 0,49 0,1 10 0,26 0,1029 10
Eunicella cavolinii Masmoudi et al., 2016 0,68 0,001 100000 0,46 0 100000
Leptopsammia pruvoti Boscari et al., 2019 0,27 0,012 100000 0,11 0,0642 100000
Botryllus schlosseri Reem et al., 2017 NaN NaN NaN NaN NaN NaN
Halocynthia papillosa Villamor et al., 2014 NaN NaN NaN NaN NaN NaN
Microcosmus squamiger Ordofiez et al., 2013 -0,07 0,6667 10 0 0,7982 10
Pycnoclavella communis Pérez-Portela et al., 2007 -0,41 0,8333 10 0,2 0,2879 10
Carcinus aestuarii Schiavina et al., 2014 0,37 0,028 100000 0,94 0,3879 100
Melicertus kerathurus Arculeo et al., 2010 0,04 0,597 10 0,01 0,5952 100000
Melicertus kerathurus Zitari-Chatti et al., 2007 0,13 0,237 100000 0,06 0,4233 100000
Pachygrapsus marmoratus | Fratini et al., 2013 0,01 0,52 10 0,01 0,6935 100000
Palinurus elephas Palero et al., 2011 NaN NaN NaN NaN NaN NaN

Spongia officinalis Dailianis et al., 2011 0,25 0,068 100000 0,31 0,0364 100000
Astropecten aranciacus Zulliger et al., 2009 NaN NaN NaN NaN NaN NaN

Holothuria mammata Borrero-Pérez et al., 2011 0,44 0,3333 10 0,22 0,2543 10
Ophioderma longicauda Weber et al., 2015 -0,06 0,662 10 0,56 0,1217 100000
Ophioderma longicauda Weber et al., 20152 -0,16 0,782 100000 0,11 0,1647 10
Paracentrotus lividus Penant et al., 2013 -0,24 0,906 10 0,46 0,0024 100000
Paracentrotus lividus Paterno et al., 2017 0,43 0,038 100000 0,88 0,0971 1000
Paracentrotus lividus Carreras et al., 20203 0,35 0,038 10 0,68 0,0005 1000
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Mantel opt MLPE opt

Species Study Mantel r Mantel p-value |alpha MLPE R? MLPE p-value |alpha
Paracentrotus lividus Carreras et al., 2020* 0,51 0,04 100000 0,73 0,0001 100000
Apogon imberbis Muths et al., 2015 -0,65 1 10 0,47 0,2004 10
Coris julis Fruciano et al., 2011 0,12 0,113 100000 0,98 0,7344 100000
Diplodus sargus Gonzdlez-Wangliemert et al., 2010 0,11 0,6 10 0,01 0,7217 10
Diplodus vulgaris Kaouéche et al., 2013 0,21 0,2417 100000 0,06 0,3602 100000
Epinephelus marginatus Schunter et al., 2011 0,16 0,16 10 0,45 0,1263 10000
Lithognathus mormyrus Hammami et al., 2007 0,69 0,2083 100000 0,53 0,0476 100000
Merluccius merluccius Milano et al., 2014 0,18 0,022 100000 0,14 0,069 100000
Mugil cephalus Durand et al., 2013 0,16 0,074 100000 0,04 0,1277 100000
Mullus barbartus Maggio et al., 2009 0,08 0,201 10 0,15 0,2698 10
Mullus surmuletus Galarza et al., 2009 0,29 0,0806 1000 0,2 0,2659 1000
Mullus surmuletus Dalongeville et al., 2018 0,01 0,379 100000 0,62 0,3775 10
Oblada melanura Gkafas et al., 2013 -0,07 0,589 10 0,04 0,2833 10000
Oblada melanura Calo et al., 2016 0,21 0,138 10000 0,61 0,1171 10000
Pagellus erythrinus Fassatoui et al., 2009 0,46 0,0389 100000 0,23 0,0534 100000
Serranus cabrilla Schunter et al., 2011 0,2 0,036 100 0,81 0 10
Solea solea Bahri-Sfar et al., 2011 0,38 0,003 100000 0,14 0,0089 100000
Solea solea Garoia et al., 2007 NaN NaN NaN NaN NaN NaN

Sparus aurata Franchini et al., 2012 0,32 0,044 100000 0,38 0,0004 100000
Symphodus tinca Carreras et al., 2017 0,32 0,1139 100000 0,41 0,3075 100000
Cerastoderma edule Sromek et al., 2019 0,36 0,048 1000 0,13 0,0897 10
Chiton olivaceus Villamor et al., 2014 0,44 0,3333 10 0,23 0,2523 10
Hexaplex trunculus Villamor et al., 2014 NaN NaN NaN NaN NaN NaN

Hexaplex trunculus Marzouk et al., 2017° 0 0,545 100000 0,5 0,2692 100000
Hexaplex trunculus Marzouk et al., 2017° 0,05 0,328 100000 0,52 0,4083 10
Mytilus galloprovincialis Diz and Presa, 2008 0,41 0,006 1000 0,28 0,0245 1000
Ostrea edulis Launey et al., 2002 0,41 0,2 10 0,55 0,0723 10000
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Mantel opt MLPE opt

Species Study Mantel r Mantel p-value |alpha MLPE R? MLPE p-value |alpha

Patella caerulea Villamor et al., 2014 0,47 0,0444 1000 0,23 0,055 1000
Patella rustica Sa-Pinto et al., 2012 0,31 0,0667 10 0,18 0,2184 10
Patella ulyssiponensis Sa-Pinto et al., 2012 0,25 0,2 10 0,07 0,4257 10
Phorcus turbinatus Villamor et al., 2014 0,91 0,3333 100000 1 0 100000
Ruditapes decussatus Gharbi et al., 2011 0,17 0,089 1000 0,16 0,3376 100000
Spondylus spinosus Shabtay et al., 2014 0,24 0,4333 10 0,46 0,6774 10
Cymodocea nodosa Alberto et al., 2008 0,44 0,002 100000 0,36 0 100000
Posidonia oceanica Arnaud-Haond et al., 2007 0,3 0,001 100000 0,19 0 100000
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Supplementary Table 8: Accuracy of our multi-generation explicit dispersal model in explaining observed genetic structure across the meta-analysis. Mantel r and MLPE

linear mixed model R? between F[°% and FSPS /(1 — FSPS) and theirs associated p-value are indexed for all the studies. The “opt alpha” stands for the alpha value of the

reciprocal transformation that minimizes the AIC estimator (see Supplementary Figure 5). The “opt M” stands for the number of generations that minimizes the AIC
estimator (see Supplementary Figure 6). Note that (i) Weber et al., 2015 use SNPs marker (*) and mtDNA marker (?), (ii) Carrera et al., 2019 considers all the loci () and only

the Mediterranean outliers loci (%), and (iii) Marzouk et al., 2017 use SNPs marker (°) and mtDNA marker (6). Significant studies (p-values*) are highlighted in grey. Source

data are provided as a Source Data file.

Species Study Mantel | Mantel p- | Mantel opt | Mantel opt | MLPER? | MLPE p- | MLPE opt | MLPE opt
r value M alpha value M alpha

Cystoseira Susini et al., 2007 0,77 0,1667 1 10 0,59 0,0304 1 10

amentacea

Astroides Casado-Amezua et al. | 0,57 0,001 300 100000 0,66 0 300 100000

calycularis 2012

Corallium rubrum Aurelle et al., 2011 0,71 0,001 40 100000 0,5 0 40 100000

Corallium rubrum Costantini et al., 2013 0,5 0,1 1 10 0,26 0,1029 1 10

Eunicella cavolinii Masmoudi et al., 2016 0,88 0,001 300 1000 0,78 0 300 1000

Leptopsammia Boscari et al., 2019 0,59 0,002 400 100000 0,35 0 400 100000

pruvoti

Botryllus schlosseri | Reem et al., 2017 0,36 0,006 500 100000 0,11 0,0118 500 100000

Halocynthia Villamor et al., 2014 0,9 0,125 200 10 1 0 200 100000

papillosa

Microcosmus Ordofiez et al., 2013 -0,07 0,6667 1 10 0 0,7982 1 10

squamiger

Pycnoclavella Pérez-Portela et al., 2007 | -0,41 0,75 500 100000 0,2 0,2879 500 10

communis

Carcinus aestuarii Schiavina et al., 2014 0,99 0,017 40 100000 0,97 0 40 100000

Melicertus Arculeo et al., 2010 0,03 0,479 5 10 0,06 0,1444 5 100000

kerathurus

Melicertus Zitari-Chatti et al., 2007 0,14 0,206 1 100000 0,06 0,4233 1 100000

kerathurus

Pachygrapsus Fratini et al., 2013 0,04 0,327 500 10 0,05 0,2558 500 100000

marmoratus

Palinurus elephas Palero et al., 2011 0,29 0,2333 40 100000 0,36 0,0414 40 10
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Species Study Mantel | Mantel p- | Mantel opt | Mantel opt | MLPER? | MLPE p- | MLPE opt | MLPE opt
r value M alpha value M alpha

Spongia officinalis Dailianis et al., 2011 0,62 0,009 500 100000 0,74 0 500 10000

Astropecten Zulliger et al., 2009 0,34 0,075 5 10 0,12 0,1038 5 10

aranciacus

Holothuria Borrero-Pérez etal., 2011 | 1 0,0417 100 100000 0,99 0 100 100000

mammata

Ophioderma Weber etal., 2015 0,05 0,415 500 100000 0,56 0,1217 500 100000

longicauda

Ophioderma Weber etal., 20152 0,01 0,449 150 100000 0,11 0,1647 150 10

longicauda

Paracentrotus Penant et al., 2013 0,06 0,454 80 100000 0,49 0,0012 80 1000

lividus

Paracentrotus Paterno et al., 2017 0,89 0,008 40 10000 0,9 0,0001 40 1000

lividus

Paracentrotus Carreras et al., 20203 0,4 0,036 20 100000 0,8 0 20 100000

lividus

Paracentrotus Carreras et al., 2020* 0,63 0,008 5 100000 0,92 0 5 100000

lividus

Apogon imberbis Muths et al., 2015 0,65 0,25 5 10 0,47 0,2004 5 10

Coris julis Fruciano et al., 2011 0,4 0,049 80 100000 0,99 0,0479 80 10000

Diplodus sargus Gonzalez-Wangliemert et | 0,32 0,2167 10 10000 0,44 0,0204 10 10

al., 2010

Diplodus vulgaris Kaoueche et al., 2013 0,34 0,1306 5 100000 0,13 0,1686 5 100000

Epinephelus Schunter et al., 2011 0,24 0,163 10 100000 0,49 0,0491 10 1000

marginatus

Lithognathus Hammami et al., 2007 0,84 0,0833 5 100000 0,75 0,0058 5 100000

mormyrus

Merluccius Milano et al., 2014 0,28 0,001 40 10 0,2 0,011 40 100000

merluccius

Mugil cephalus Durand et al., 2013 0,61 0,002 20 100000 0,72 0 20 100000

Mullus barbartus Maggio et al., 2009 0,1 0,164 5 10 0,1 0,1825 5 1000
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Species Study Mantel | Mantel p- | Mantel opt | Mantel opt | MLPER? | MLPE p- | MLPE opt | MLPE opt
r value M alpha value M alpha
Mullus surmuletus Galarza et al., 2009 0,34 0,1986 500 100 0,25 0,1794 500 10000
Mullus surmuletus Dalongeville et al., 2018 0,21 0,017 60 100000 0,67 0 60 100000
Oblada melanura Gkafas et al., 2013 0,01 0,447 500 10 0,04 0,2833 500 10000
Oblada melanura Calo et al,, 2016 0,21 0,113 10000 0,77 0,0084 100000
Pagellus erythrinus | Fassatoui et al., 2009 0,46 0,0389 100000 0,23 0,0534 100000
Serranus cabrilla Schunter et al., 2011 0,2 0,024 100 0,88 0 10
Solea solea Bahri-Sfar et al., 2011 0,9 0,005 20 10000 0,86 0 20 10000
Solea solea Garoia et al., 2007 0,49 0,1667 5 10 0,47 0,0686 5 100000
Sparus aurata Franchini et al., 2012 0,41 0,043 400 100 0,43 0 400 10
Symphodus tinca Carreras et al., 2017 0,35 0,0764 5 10 0,52 0,1206 5 100000
Cerastoderma edule | Sromek et al., 2019 0,66 0,018 5 100000 0,67 0,0002 5 100000
Chiton olivaceus Villamor et al., 2014 0,82 0,1667 500 10000 0,71 0,01 500 1000
Hexaplex trunculus | Villamor et al., 2014 0,94 0,0833 200 100000 0,88 0,0023 200 10000
Hexaplex trunculus | Marzouk et al., 2017° 0,25 0,093 150 10 0,49 0,0984 150 100000
Hexaplex trunculus | Marzouk et al., 2017° 0,31 0,048 300 10 0,52 0,1023 300 10
Mytilus Diz and Presa, 2008 0,41 0,006 1 1000 0,28 0,0245 1 1000
galloprovincialis
Ostrea edulis Launey et al., 2002 0,71 0,0333 40 1000 0,59 0,0059 40 10000
Patella caerulea Villamor et al., 2014 0,91 0,0153 40 100000 0,86 0 40 100000
Patella rustica Sa-Pinto et al., 2012 0,34 0,0389 5 10 0,45 0,1975 5 100000
Patella Sa-Pinto et al., 2012 0,64 0,05 80 100000 0,88 0,0016 80 100000
ulyssiponensis
Phorcus turbinatus | Villamor et al., 2014 0,95 0,3333 40 100000 1 0 40 100000
Ruditapes Gharbi et al., 2011 0,41 0,006 5 100000 0,17 0,0073 5 100000
decussatus
Spondylus spinosus | Shabtay etal., 2014 0,38 0,1667 5 100000 0,45 0,4206 5 100000
Cymodocea nodosa | Alberto et al., 2008 0,75 0,011 10 10000 0,77 0 10 100000
Posidonia oceanica | Arnaud-Haond etal., 2007 | 0,58 0,001 40 10000 0,58 0 40 10000
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Supplementary Table 9: Accuracy of our multi-generation implicit dispersal models in explaining observed genetic structure across the meta-analysis. Mantel r and MLPE
linear mixed model R? between F1°% and F3PS /(1 — FSPS) and theirs associated p-value are indexed for all the studies. The “opt alpha” stands for the alpha value of the
reciprocal transformation that minimizes the AIC estimator (see Supplementary Figure 5). The “opt M” stands for the number of generations that minimizes the AIC
estimator (see Supplementary Figure 6). Note that (i) Weber et al., 2015 use SNPs marker (*) and mtDNA marker (%), (ii) Carrera et al., 2019 considers all the loci (?) and only
the Mediterranean outliers loci (%), and (iii) Marzouk et al., 2017 use SNPs marker (°) and mtDNA marker (6). Significant studies (p-values*) are highlighted in grey. Source
data are provided as a Source Data file.

Species Study Mantel | Mantel p- | Mantel opt | Mantel opt | MLPER? | MLPE p- | MLPE opt | MLPE opt
r value M alpha value M alpha

Cystoseira Susini et al., 2007 0,81 0,0833 1 100000 0,74 0,0194 1 100000

amentacea

Astroides Casado-Amezua et al. | 0,67 0,005 500 100000 0,79 0 500 100000

calycularis 2012

Corallium rubrum Aurelle et al., 2011 0,71 0,001 40 10000 0,54 0 40 100000

Corallium rubrum Costantini et al., 2013 0,51 0,1 1 10 0,27 0,0928 1 10

Eunicella cavolinii Masmoudi et al., 2016 0,88 0,001 300 1000 0,78 0 300 10000

Leptopsammia Boscari et al., 2019 0,6 0,002 40 10 0,4 0 40 100000

pruvoti

Botryllus schlosseri | Reem et al., 2017 0,36 0,006 500 100000 0,11 0,0132 500 100000

Halocynthia Villamor et al., 2014 0,9 0,1667 20 100 1 0 20 10

papillosa

Microcosmus Ordofiez et al., 2013 -0,07 0,6667 1 10 0 0,7982 1 10

squamiger

Pycnoclavella Pérez-Portela et al., 2007 | -0,27 0,5833 500 100000 0,2 0,2879 500 10

communis

Carcinus aestuarii Schiavina et al., 2014 0,98 0,022 40 10000 0,97 0 40 10000

Melicertus Arculeo et al., 2010 0,14 0,32 40 10 0,07 0,113 40 10000

kerathurus

Melicertus Zitari-Chatti et al., 2007 0,19 0,206 10 10 0,04 0,2453 10 10

kerathurus

Pachygrapsus Fratini et al., 2013 0,19 0,142 1 10 0,04 0,3206 1 10

marmoratus

Palinurus elephas Palero et al., 2011 0,26 0,4333 20 100000 0,27 0,0909 20 10
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Species Study Mantel | Mantel p- | Mantel opt | Mantel opt | MLPER? | MLPE p- | MLPE opt | MLPE opt
r value M alpha value M alpha

Spongia officinalis Dailianis et al., 2011 0,63 0,006 500 10000 0,75 0 500 100000

Astropecten Zulliger et al., 2009 0,33 0,043 10 100000 0,25 0,0567 10 100000

aranciacus

Holothuria Borrero-Pérez et al.,, 2011 | 0,99 0,0833 40 100000 1 0 40 100000

mammata

Ophioderma Weber etal., 2015 0,05 0,307 500 100000 0,56 0,0957 500 100000

longicauda

Ophioderma Weber etal., 20152 0,02 0,46 500 100000 0,11 0,1507 500 100

longicauda

Paracentrotus Penant et al., 2013 0,11 0,467 40 100000 0,5 0,0008 40 100000

lividus

Paracentrotus Paterno et al., 2017 0,88 0,004 40 10000 0,81 0,0251 40 10000

lividus

Paracentrotus Carreras et al., 20203 0,39 0,045 20 100000 0,8 0 20 100000

lividus

Paracentrotus Carreras et al., 2020* 0,6 0,011 20 100000 0,93 0 20 1000

lividus

Apogon imberbis Muths et al., 2015 -0,65 1 1 10 0,47 0,2004 1 10

Coris julis Fruciano et al., 2011 0,62 0,05 400 10000 0,99 0,0005 400 100000

Diplodus sargus Gonzalez-Wangliemert et | 0,31 0,1333 10 10000 0,11 0,3129 10 100000

al., 2010

Diplodus vulgaris Kaouéche et al., 2013 0,3 0,1167 1 10000 0,1 0,2328 1 1000

Epinephelus Schunter et al., 2011 0,24 0,137 40 10 0,49 0,0497 40 1000

marginatus

Lithognathus Hammami et al., 2007 0,71 0,0417 5 10 0,63 0,0218 5 100000

mormyrus

Merluccius Milano et al., 2014 0,3 0,014 500 10 0,2 0,0037 500 100000

merluccius

Mugil cephalus Durand et al., 2013 0,68 0,02 20 100000 0,73 0 20 10000

Mullus barbartus Maggio et al., 2009 0,14 0,109 5 1000 0,17 0,0921 5 100
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Species Study Mantel | Mantel p- | Mantel opt | Mantel opt | MLPER? | MLPE p- | MLPE opt | MLPE opt
r value M alpha value M alpha
Mullus surmuletus Galarza et al., 2009 0,24 0,3194 1 10 0,42 0,1082 1 100000
Mullus surmuletus Dalongeville et al., 2018 0,34 0,004 500 100 0,67 0 500 100000
Oblada melanura Gkafas et al., 2013 0,1 0,24 100 10 0,04 0,3129 100 10000
Oblada melanura Calo et al., 2016 0,3 0,021 20 10 0,75 0,0091 20 100000
Pagellus erythrinus | Fassatoui et al., 2009 0,46 0,0389 20 10 0,65 0,021 20 100000
Serranus cabrilla Schunter et al., 2011 0,21 0,047 1 1000 0,88 0 1 10
Solea solea Bahri-Sfar et al., 2011 0,9 0,003 10 100000 0,83 0 10 100000
Solea solea Garoia et al., 2007 0,49 0,1667 5 10 0,49 0,0619 5 100000
Sparus aurata Franchini et al., 2012 0,3 0,046 10 10 0,36 0,0003 10 1000
Symphodus tinca Carreras et al., 2017 0,61 0,0194 20 100000 0,45 0,0277 20 100000
Cerastoderma edule | Sromek et al., 2019 0,94 0,004 10 100000 0,96 0 10 10000
Chiton olivaceus Villamor et al., 2014 0,83 0,1667 150 10 0,72 0,0091 150 10
Hexaplex trunculus | Villamor et al., 2014 0,94 0,0833 100 10000 0,88 0,0022 100 100000
Hexaplex trunculus | Marzouk et al., 2017° 0,26 0,087 500 10 0,48 0,1073 500 100
Hexaplex trunculus | Marzouk et al., 2017° 0,28 0,043 400 100000 0,52 0,1092 400 10
Mytilus Diz and Presa, 2008 0,37 0,012 1 1000 0,43 0,0264 1 10
galloprovincialis
Ostrea edulis Launey et al., 2002 0,65 0,0333 150 10 0,61 0,0142 150 10
Patella caerulea Villamor et al., 2014 0,97 0,0167 60 10000 0,95 0 60 10000
Patella rustica Sa-Pinto et al., 2012 0,35 0,0208 5 10 0,44 0,0583 5 100000
Patella Sa-Pinto et al., 2012 0,76 0,025 100 100000 0,86 0,0009 100 100000
ulyssiponensis
Phorcus turbinatus | Villamor et al., 2014 0,99 0,0417 150 10 1 0 150 10
Ruditapes Gharbi et al., 2011 0,48 0,005 5 100000 0,22 0,0009 5 1000
decussatus
Spondylus spinosus | Shabtay etal., 2014 0,36 0,3333 1 10 0,45 0,4516 1 10
Cymodocea nodosa | Alberto et al., 2008 0,8 0,004 5 100000 0,77 0 5 10000
Posidonia oceanica | Arnaud-Haond etal., 2007 | 0,57 0,001 40 1000 0,58 0 40 100000
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Supplementary Figure 8: Network representation of observed and modelled genetic structures for Mugil
cephalus; Durand et al., (2013). a F3PS values, b loge(Euclidian distance), ¢ loge(Sea least-cost distance), d
single-generation explicit F/1°?, e multi-generation explicit F*°® and f multi-generation implicit F/°®. Similar
plots made for each study of our meta-analysis can be viewed at:
https.//nuage.osupytheas.fr/s/3fj5TidxC4A6Kax
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Supplementary Figure 9: Network representation of observed and modelled genetic structures for Cymodocea
nodosa; Alberto et al., (2008). a FSPS values, b loge(Euclidian distance), ¢ loge(Sea least-cost distance), d single-
generation explicit F*°4, e multi-generation explicit F*°% and f multi-generation implicit FI°%. Similar plots
made for each study of our meta-analysis can be viewed at: https://nuage.osupytheas.fr/s/3fj5TidxC4A6Kax
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Supplementary Figure 10: Sensitivity of the multi-generation implicit dispersal model. Probability of significant
gene flow predictions (i.e. probability to obtain significant R? between F1°®and FSPS /(1 — F3%%)) as a function
of the number of sampled populations binned in four categories (4-8, 8-12,12-16 and > 16 populations
sampled). The thick black line represents the logit model (R? = 0.72***). Source data are provided as a Source

Data file.
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Supplementary Methods 6: Statistical analyses on the impact of
species and study characteristics on MLPE linear mixed model
predictions

Supplementary Table 10: Sensitivity of the MLLPE linear mixed model predictions of the multi-generation
implicit dispersal model for the 58 population genetic studies included in the meta-analysis. We test the
sensitivity of the Species characteristics (taxa, PLD and spawning season) and study characteristics (Marker,
F,; range, Number of populations sampled and Spatial Sampling Representativeness) on a R? and b p-values
either with ANOVA or a linear regression (after a log10 transformation of R? and p-values). Source data are
provided as a Source Data file.

a MLPE linear mixed model R?
Characteristics Statistic method  p-value R? 8 slope
Taxa ANOVA 0.8385 NaN NaN
Species | PLD ANOVA 0.1362 NaN  NaN
Spawning season  ANOVA 0.9624 NaN NaN
Marker ANOVA 0.1832 NaN NaN
Study Frange log Regression 0.8966 0.0005 0.0097
Nbr of populations log Regression 0.0988 0.0759 -0.23
Dbtw log Regression 0.9792 0 0.0056
b MLPE linear mixed model p-value
Characteristics Statistic method  p-value R? 8 slope
Taxa ANOVA 0.1453 NaN NaN
Species | PLD ANOVA 0.2092 NaN NaN
Spawning season  ANOVA 0.846 NaN NaN
Marker ANOVA 0.6118 NaN NaN
Study F,;range log Regression 0.0009 0.1788 -10.0746
Nbr of populations log Regression 0 0.403 -31.6825
Dbtw log Regression 0.9755 0 -0.3246
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